In cells infected with herpes simplex virus, HSV-I, newly synthesized polypeptides accumulated in the nucleus at different rates, which did not change during the first 6 h after infection. Canavanine, an arginine analogue, prevented the nuclear accumulation of ICP (infected cell polypeptides) 5 and 8, and azetidine, a proline analogue, prevented that of ICP 5 and 7. The transfer of polypeptides to the nucleus was inhibited at 4 °C but not by dinitrophenol. Some of the nuclear polypeptides could be released by washing isolated nuclei with hypertonic salt solutions. ICP I7 was particularly sensitive to high salt treatment while ICP 5 and I I were resistant. ICP 4 b, a modified form of the ~ polypeptide ICP 4, was released by EDTA, and the detergent NP4o removed ICP I I. Treatment of nuclei with DNase selectively reduced the amount of bound -polypeptides ICP 4 c (the second modified form of ICP 4), o and 27 as well as ICP 8 and 25. Nuclei isolated from infected or uninfected cells and incubated in labelled cytoplasmic extracts took up primarily ICP 8 and 32. Alpha polypeptides were taken up to a lesser extent and ICP 6 and IO were excluded. It is concluded that affinities for various constituents of host cell nuclei are likely to determine the nuclear accumulation of specific virus polypeptides.
INTRODUCTION
The DNA of herpes simplex virus enters the nucleus of the host cell where part of it is transcribed into RNA which passes into the cytoplasm. This RNA is messenger for the synthesis of the earliest class of infected cell polypeptides (ICP), the so-called a polypeptides ICP 4, o and 27 (Honess & Roizman, 1974) . The ~ polypeptides are needed to induce the synthesis of mRNA for another class, the fl polypeptides, which in turn are involved in the production of y polypeptides. The later classes include virion proteins (Honess & Roizman, I975) .
Newly synthesized protein migrates from cytoplasm to nucleus in infected cells (Fujiwara & Kaplan, I967; Olshevsky et al. I967) . In particular, virus structural proteins enter the nucleus, where the new nucleocapsids are assembled, while other newly-made proteins remain in the cytoplasm (Spear & Roizman, i968; Courtney et al. 1971; Mark & Kaplan, I97I; McCombs, 1974) . The ~ polypeptides are also among those that are transferred to the nucleus (Pereira et al. I977) .
The factors that determine this complex pattern of movement of macromolecules into and out of the nucleus are not known. This paper describes some characteristics of the transfer of specific virus polypeptides to, and their association with, the nuclear fraction -174  io  12o  26  64  5  I53  ii  ii6  27  60  6  I46  I7  95  36  43  7  I4o  20  8o  45  3I  8  128  25  67  46  28 of cell homogenates. Most of the polypeptides remain bound to the nucleus after treatment with detergent and therefore they have probably passed through the nuclear envelope.
METHODS

Cells.
Monolayers of African green monkey kidney (Vero) cells were grown in 25 cm 2 tissue culture flasks (Nunc) in Dulbecco's modified Eagle's medium with io ~ calf serum.
Virus. The 'F' strain of HSV-I (Ejercito et al. 1968 ) was grown by low muitiplicity passage in Vero cells. Unfractionated cell lysates with a titre of about 2 × IO 9 p.f.u./ml were stored at -7o °C.
Infection and labelling. Confluent cultures of cells were infected with 1.5 ml of growth medium containing lO to 2o p.f.u./cell. After 20 min at room temperature the inoculum was replaced with 2 ml of growth medium and placed in an incubator at 37 °C (at zero time). For labelling of polypeptides the medium was replaced by 1 ml of medium lacking amino acids with 1 ~ dialysed foetal calf serum and I/zCi of U-14C-protein hydrolysate (Radiochemical Centre, Amersham, 56 mCi/mAtom) per ml.
Cellfractionation. Cells were washed with PBS and scraped off the surface of the flask into 1 ml of solution containing lO mM-KC1, 1"5 mM-magnesium acetate and IO rnM-tris, pH 7.2 (RSB). After IO min at o °C they were broken by I2 strokes of a close-fitting Dounce homogenizer (Penman, I966) . Sucrose was added (1/5 volume of 60 ~, w/v) and the homogenate was centrifuged for 5 min at 2oo0 g. The supernatant cytoplasmic fraction was freeze-dried and the pellet of nuclei washed once with RSB/Io ~o sucrose.
EIectrophoresis. Cells or nuclei or freeze-dried cytoplasm from one flask (about 2 × Io a cells) were dissolved in o'5 to 0"7 ml of a solution containing SDS and mercaptoethanol (Spear & Roizman, I972) , placed in a boiling water bath for 2 rain and ultrasonicated for 15 s. Samples (40 to 70/~l) were subjected to electrophoresis in polyacrylamide slab gels cross-linked with N,N'-diallyltartardiamide and containing o.I ~ SDS (Gibson & Roizman, I974) . Exponential gradients of 20 to 7 ~ (w/v) acrylamide were made with 1/3 of the final collected volume in the mixing chamber. A constant current of IO to 15 mA was passed until the bromophenol blue marker reached the end of the gel. After drying under vacuum the gels were left in contact with Kodak Kodirex film for 1 to 2 weeks to form autoradiograms.
The numbering of infected cell polypeptides in this paper is based on that of Honess & Roizman (~973) and ICP 4 to I1, o and 27 are the same in both systems but in other cases there may be discrepancies owing to differences in conditions of labelling and electrophoresis. We have made estimates of tool. wt. by comparison with marker proteins in the same gel. The markers used (Boehringer Corporation) and their mol. wt. were trypsin inhibitor (2~ ooo), bovine serum albumin (68000) and RNA polymerase (39000, 155000, I65OOO). The estimates are given in Table I . Infected cells ~ere labelled with 14C-amino acids (I #Ci/ml) for I h at the times shown (h after infection). Cycloheximide (5o #g/ml) was then added and incubation continued for a further ~ h chase period. The whole cells (W) from one flask were lysed and those from a duplicate flask were homogenized and nuclei (N) were separated from cytoplasm (C). The polypcptides were subjected to electrophoresis in a polyacrylamide gel from which the autoradiogram shown was prepared. The samples in channels io to iz were prepared from cells that were incubated for 4 h after infection with eycloheximide (5o/~g/ml), then labelled and chased as above after removal of cycloheximide. Each sample was derived from z × ro 8 cells.
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Materials. L-Canavanine sulphate was obtained from Sigma Chemical Company, L-azetidine-z-carboxylic acid and cycloheximide (actidione) from Calbiochem, D N a s e I and micrococcal nuclease from Worthington, and Nonidet P4o (NP4o) from B D H Chemicals Ltd.
RESULTS
Transfer of polypeptides to the nucleus at different times after infection
In order to determine whether the efficiency of transfer of virus proteins to the nucleus varied during the growth cycle as a result, for example, of accumulation of virus D N A within the nucleus or of possible effects on the permeability of the nuclear membrane, cells were labelled with 14C-anaino acids at different times after infection. After a chase period o f I h in the presence of cycloheximide, to allow transfer in the absence of further protein synthesis, nuclear and cytoplasmic fractions were prepared and the labelled polypeptides were examined by electrophoresis and autoradiography. The autoradiogram (Fig. I) showed that, although the rates of synthesis of ~ ICP 4 and 27 declined at later times while those of others increased, there was essentially no change in the pattern of distribution between nucleus and cytoplasm, thus no evidence that the movement of any polypeptide was hindered or enhanced at the later time relative to the earlier.
If cycloheximide is added at the beginning of infection, the m R N A for ~ polypeptides only is made and passes into the cytoplasm to be translated when the block is reversed
Fig. 2. Effects of canavanine and azetidine on transfer of labelled infected cell polypeptides to the nucleus. Cells were infected and then incubated in labelling medium. Canavanine (Po m•) or azetidine (2.0 mM) were added at the times shown (h after infection), l~C-amino acids (I #Ci/ml) were added at 3 h and cycloheximide (50 #g/ml) at 3'5 h. After a chase period of 90 min whole cells (W) were lysed or fractionated into nucleus (N) and cytoplasm (C) for electrophoresis and autoradiography.
( Honess & Roizman, 1974) . Channels IO to Iz (Fig. t) show the movement into the nucleus of ~ ICP 4, o and 27, synthesized after removal of cycloheximide. On entering the nucleus the cytoplasmic polypeptide ICP 4a (channel I2) is modified to forms ICP 4b and c (channel I I) which migrate slightly more slowly in the polyacrylamide gel (Pereira et al. I977). ICP 22, which is also made and passes to the nucleus, is probably a host polypeptide (Honess & Roizman, I975) . Of the later polypeptides (channels I to 9) many accumulate in the nucleus although the rate or extent of transfer varies. They may be divided into the following categories on the basis of their distribution after a I h pulse of 14C-amino acids followed by a ~ h chase. (I) Predominantly nuclear: ICP 7, ~, 25, 3o, 38, 45, 46, 48. (2) Nuclear/cytoplasmic: ICP 4, 5, 8, o, I7, I8, 20, 27, 32, 33, 36, 40. (3) Predominantly cytoplasmic: ICP 6, to, 26, 39-
Effects of canavanine and azetidine
The replacement of arginine by its analogue canavanine has been found to impair the function of c~ polypeptides with the result that fl polypeptides are not made and (defective) polypeptides are over-produced. Azetidine, an analogue of proline and hydroxyproline has similar effects (Honess & Roizman, ~975)-Other experiments (Pereira et al. I977) suggested that canavanine may impede the transfer of ICP 27 of HSV-I and ICP 5 of HSV-2. We therefore re-examined the effects of canavanine and azetidine. Canavanine added at the beginning of infection (Fig. z , channels 4 to 6) did not prevent the movement to the nucleus ofc~ ICP 4, o, 27 or a2 (probably a host protein). Canavanine added at 2. 5 h, after c~ ICP synthesis had declined and fl and y synthesis had started (channels 7-9), reduced the nuclear accumulation of ICP 5 and 8, but not that of ICP ~ ~, 25, 26 and several smaller polypeptides. Azetidine also allowed the accumulation in the nucleus of the c~ poly- Fig. 3 . Effect of low temperature on polypeptide transfer to nuclei. Cells were labelled with a pulse of 1*C-amino acids 2"5 to 3 h after infection (P) and some were incubated for a further 9o min chase period in the presence of cycloheximide at 37 °C (CH 37) or at 4 °C (CH 4)-The ceils were then disrupted and nuclei were separated and lysed. Nuclear lysates were subjected to electrophoresis and an autoradiogram was prepared. Channels 2 and 3 and channels 4 and 5 contain duplicate lysates.
peptides (channels Io to I2) although the modification of ICP 4a was blocked, as previously reported (Fenwick & Roizman, I977) . If added at 2"5 h, azetidine substantially reduced the movement of 1CP 5 and 7 (channels 13 to I5). Transfer of ICP 8 was only slightly restricted and ICP i I, 25 and 26 moved normally.
Effect of dinitrophenol and low temperature
If the transfer of polypeptides required A T P as a source of energy it might be expected to be inhibited by the uncoupling agent dinitrophenol. Cells were labelled with 14C-amino acids for 30 rain 2"5 h after infection and then chased with cycloheximide for 9o min in the presence or absence of dinitrophenol 5 × Io-~ M or 2 × I0 _3 M. N o inhibition of transfer was observed. In a similar experiment, one pair of flasks was kept at 4 °C during the 90 rain chase period before lysing and electrophoresis. The autoradiogram in Fig. 3 shows that all movement from cytoplasm to nucleus ceased, as did the modification of ICP 4. After the pulse ICP 4a is seen in the nuclear fraction (channel I). During the chase period at 37 °C (channels 2, 3) but not at 4 °C (channels 4, 5) the modified forms ICP 4b and c, as well as ICP 7, 8 and z5, accumulated in the nucleus.
Treatment of isolated nuclei
If the accumulation o f certain virus proteins in the nucleus is not due to an active energyrequiring process, it is possible that it is the result of specific affinities between the proteins and nuclear components. Different polypeptides might then be released from the nuclei under different conditions. Infected cells were incubated for 4 h with cycloheximide (50/zg/ml), labelled for I h (2/~Ci/ml) after removal of the inhibitor and chased for a further hour in fresh medium. Nuclei were isolated and resuspended in RSB/Io % sucrose (CON), 0"5 u-NaC1 (Na), o-I M-NaC1/o.oI M-EDTA (ED), or DNase 1, 5 #g/ml (D), RNase, 5 #g/ml (R) or micrococcal nuclease, 2oo units/ml (M), dissolved in RSB/lo ~ sucrose. Enzyme treatment was for 5 rain at so °C (a) or for xo rain at 37 °C (all samples, b). After centrifugation the nuclear pellets were lysed and equal volume samples taken for electrophoresis and autoradiography.
We examined the stability of the nuclear association of labelled virus polypeptides by isolating nuclei and subjecting them to various treatments. The nuclei were then collected by centrifugation and those polypeptides that remained bound were identified by electrophoresis and autoradiography. Fig. 4 shows the results of such experiments using nuclei bearing labelled c~ polypeptides ICP 4 b, 4c, o and 27. When the nuclei were washed once with o. 5 ~a-NaCl much of the ICP 4b, 4 c, o and 27 was removed. Washing with o" ~ M-NaC1, o.oI M-EDTA (Fig. 4, channel 3 ) removed ICP 4b, but not 4 c, and substantially reduced I C P o and 27. A new band appeared in the autoradiogram above ICP o, possibly derived from ICP o (by a change of shape) or ICP 4b (by a reduction in size). Other samples of nuclei were treated with DNase I or RNase. RNase (channel 5) had no effect but DNase (channel 4) specifically removed ICP 4c. In another experiment (Fig. 4 b) DNase I or micrococcal DNase removed ICP 4c and reduced ICP o and z 7 (as well as host ICP 22). When the DNase I concentration was increased to 2o #g/ml (IO rain at 2o °C) the nuclear I C P o and 27 were further reduced but not completely removed (not shown).
Similar experiments were done using nuclei carrying a wider range of labelled virus p olypeptides that had been synthesized between 2-5 and 3"5 h after infection. The nuclei were washed with hypertonic solutions of NaCI or with hypotonic buffer with or without the non-ionic detergent NP4o. The autoradiogram (Fig. 5a) shows that one polypeptide, ICP I7, was removed by washing with o.2 M-NaC1. Most of the others were substantially reduced by o. 5 ~-NaC1, but ICP 5 and I r were hardly affected by up to 2 M-NaC1. No polypeptides were removed by raM-phosphate, p H 7.z, but NP4o selectively extracted 
Nuclear proteins in HSV-infected cells (a)
(
Uptake of polypeptides by isolated nuclei
Another attempt was made to detect specific affinities of virus polypeptides for nuclear structures by incubating unlabelled nuclei in cytoplasmic preparations obtained from labelled infected cells. The nuclei were then collected, washed, lysed and examined for the presence of radioactive virus polypeptides. The total volume of the nuclei was a small fraction, probably less than I ~, of that o f the incubation mixture. Therefore any increase above this of the fraction of the total radioactivity found in the nuclei represents an accumulation. When the cytoplasm was prepared from cells labelled after reversal of a cycloheximide block (Fig. 6a) all three ~ polypeptides, 4, o and 27, were taken up, to a small but probably significant extent, by nuclei in vitro. Some labelled ICP 6 and 8 were also present in the cytoplasmic fraction in this experiment, but ICP 6 was not taken up by the nuclei and is also relatively inefficiently transferred in vivo (see Fig. I ). ICP 8, on the other hand, was taken up in vitro more efficiently than the a polypeptides. The pattern o f uptake was the same whether the nuclei were extracted from infected (5 h) or uninfected cells (channels 2 and 3, Fig. 6a ) and whether the incubation was done at 4 or 2o °C.
In other experiments the cytoplasmic fraction was prepared from cells labelled from 2-5 to 3"5 h after infection. The patterns of nuclear uptake o f labelled virus polypeptides were the same with infected and uninfected nuclei whether incubated at 2o or at 37 °C (Fig. 6b) and no further uptake occurred after 2o min incubation. There was no change in the electro- . Uptake of labelled polypeptides by isolated nuclei. (a) c~ polypeptides were labelled for I h with 14C-amino acids (2 #Ci/ml) after reversing a cycloheximide block at 4 h after infection. The cells were homogenized and the nucleiremoved. Unlabelled nucleiisolated from 5 x Io~ uninfected (U) or 5 h-infected (I) cells were resuspended in o'5 ml of labelled cytoplasm derived from 2"5 x io 6 cells and left for I h at 4 °C. The nuclei were then sedimented, washed once with RSB/Io ~ sucrose, lysed in a volume of o'3 ml and examined (together with a sample of the original labelled cytoplasm, CYT) for radioactive polypeptides. (b) Autogradiogram from a similar experiment in which the cytoplasmic preparation contained fl and 7 polypeptides that were labelled between 2"5 and 3"5 h after infection. Nuclei from uninfected or 5 h-infected cells were incubated in the labelled cytoplasm for I h at 2o °C or at 37 °C. Channel I contains a sample of the original labelled cytoplasm and channel 2 an equivalent sample of the nuclei obtained from the same labelled cells. phoretic distribution of labelled polypeptides during incubation at 37 °C. ICP 8 and 32 were efficiently concentrated in the nuclei. A number of polypeptides, including ICP 5, I I, 17, I8, 28, were bound to a lesser extent while others, such as ICP 6, IO and 39, were excluded. In vivo, ICP 6 is inefficiently transferred and ICP IO and 39 remain in the cytoplasm.
DISCUSSION
In cells infected with herpes virus some of the newly synthesized virus proteins remain in the cytoplasm while others become bound to the nucleus, presumably, in the case of polypeptides concerned with D N A synthesis, regulation of transcription or assembly of nucleocapsids, after having passed through the nuclear membrane. The differences in behaviour between different virus polypeptides can be illustrated by considering in turn ICP 4 to I I, whose mol. wt. range from about 174ooo to about 116ooo.
ICP 4 is an ~ polypeptide and may control the synthesis of mRNA for certain later polypeptides (Honess & Roizman, 1975) . ICP 4a enters the nucleus and is converted to 4 b (Fenwick & Roizman, I977; Pereira et al. I977) , which has a slightly slower electrophoretic mobility and is bound by an EDTA-sensitive link. Substitution of azetidine for proline in 4a allows the transfer and binding but not the conversion. ICP 4b is modified further to 4c, unless arginine has been replaced by its analogue canavanine (Pereira et al. 1977) . ICP 4c is attached to DNA, or to a structure that is released from nuclei by treatment with DNase I or micrococcal DNase. Micrococcal nuclease attacks chromosomal DNA in isolated nuclei, producing discrete subunits or nucleosomes and DNase I causes more extensive degradation (Noll, 1974; Keichline et al. 1976 ). Both ICP 4 b and 4 c can be released from nuclei by o'5 M-NaCI. The other c~ polypeptides, ICP o and z7, are also partly released at high salt concentration and partly by DNase. It is possible that they, like ICP 4, are bound first by a salt-sensitive and later by a DNase-sensitive link, but different modified forms, if any, have not been detected.
ICP 5 is the major capsid polypeptide (Gibson & Roizman, 1974) . It is transferred with medium efficiency during the first 6 h of infection and its binding is stable in high salt or EDTA. Either its transfer or its binding is prevented by incorporation of canavanine or azetidine.
ICP 6 accumulates in the nucleus relatively slowly. It is modified to a slower migrating form (Pereira et aL 1977) which is often not clearly distinguishable in autoradiograms of polyacrylamide gels. Its synthesis follows closely that of ~ ICP on reversing a cycloheximide block and it is the most prominent fl polypeptide that is made, together with ~ ICP 4, o and 27, in the presence of canavanine and azetidine (Honess & Roizman, I975) .
ICP 7 is rapidly concentrated in the nucleus and can be displaced by o'5 M-NaC1. Its binding or transfer is prevented by azetidine.
ICP 8 is transferred and bound with medium efficiency, unless canavanine is present, and can be partly released by o'5 M-NaC1 and partly by DNase. It is efficiently bound by nuclei in vitro.
ICP IO has the same electrophoretic mobility in our gels (unpublished data) as virion structural polypeptide VP 7, probably a glycoprotein of the envelope (Heine et al. 1974 ). ICP IO is not taken up by nuclei either in vivo or in vitro. It may possibly be incorporated into the virion during the final cytoplasmic stage of maturation.
ICP I I corresponds electrophoretically to VP 8"5, possibly also a glycoprotein (Heine et al. 1974) . It is rapidly bound to nuclei by a salt-stable link, probably to the outer lipid-containing membrane since it, alone among those observed, can be released by detergent treatment (Holzman et al. 1966) , suggesting that it may be acquired as the newly assembled capsid passes from the nucleus to the cytoplasm.
A substance would become concentrated in the nucleus if its molecules passed through the nuclear envelope by diffusion and were removed from solution by adsorption to a nuclear component. The speed and efficiency of the transfer would depend on the tightness or reversibility of the binding as well as on the ease with which the molecules passed through the nuclear envelope, i.e., on their size, shape and charge. The most probable route of transport across the nuclear envelope is via the pores, which may restrict the passage of very large molecules (Fry, 1977) . In cells infected with a temperature-sensitive mutant of adenovirus the transport of the major capsid protein to the nucleus is prevented at the nonpermissive temperature (Kauffman & Ginsberg, 1976 ) . This may be due to a change of shape or aggregation of the polypeptide, although the mutation has not been shown clearly to be in the gene coding for that polypeptide.
The fact that a high concentration of dinitrophenol did not stop transfer in vivo and that many virus polypeptides remain bound during isolation and incubation of nuclei in a simple salts medium suggest that no energy-requiring mechanism is needed to maintain the intranuclear concentration. Furthermore, none of the treatments that were used caused a general release of virus polypeptides from isolated nuclei, which might have been expected if they had been merely contained in solution within a membrane. Transfer of polypeptides to nuclei was inhibited at low temperature in intact cells but not with isolated nuclei, suggesting that in the latter case the nuclear envelope was altered in such a way that it was still permeable at 4 °C.
No differences were seen between the binding by nuclei early and later in infection or by infected or uninfected nuclei in vitro. Therefore it is likely that the bulk of the polypeptides bind, at least temporarily, to normal cellular materials in the nucleus and that ICP 4, o, 27, 8 and 25 in particular are distributed between cellular and virus DNA-containing structures. Of these, ICP 8 has a high affinity for isolated nuclei. [ICP 25 was not present in the cytoplasmic preparation (Fig. 6b) because it is rapidly transferred to the nucleus in vivo and therefore its affinity was not tested.] A polypeptide that co-migrates with ICP 8 in polyacrylamide gels has been shown to have an affinity for in vitro DNA (Wilcox & Roizman, unpublished data) and many other HSV-i-specific DNA-binding proteins have been identified by affinity chromatography on columns containing cellular DNA (Bayliss et al. 1975) . Their estimated mol. wt. suggest that ICP 8 and 25 may correspond to DNA-binding proteins 2 and 4 respectively. ICP 4 of HSV-2 (ICSP 5-8, Purifoy & Powell, 1976 ) binds to DNA in vitro and recent work (R. T. Hay & J. Hay, unpublished data) has shown that all of the 0c polypeptides of HSV-I and HSV-2 have DNA binding properties.
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